Occupational exposure to diesel exhaust may cause lung cancer in humans. Mechanisms include DNA-damage and inflammatory responses. Here, the potential of NIST SRM2975 diesel exhaust particles (DEP) to transform human bronchial epithelial cells (HBEC3) in vitro was investigated. Long-term exposure of HBEC3 to DEP led to increased colony growth in soft agar. Several DEP-transformed cell lines were established and based on the expression of epithelial-to-mesenchymaltransition (EMT) marker genes, one of them (T2-HBEC3) was further characterized. T2-HBEC3 showed a mesenchymal/ fibroblast-like morphology, reduced expression of CDH1, and induction of CDH2 and VIM. T2-HBEC3 had reduced migration potential compared with HBEC3 and little invasion capacity. Gene expression profiling showed baseline differences between HBEC3 and T2-HBEC3 linked to lung carcinogenesis. Next, to assess differences in sensitivity to DEP between parental HBEC3 and T2-HBEC3, gene expression profiling was carried out after DEP short-term exposure. Results revealed changes in genes involved in metabolism of xenobiotics and lipids, as well as inflammation. HBEC3 displayed a higher steady state of IL1B gene expression and release of IL-1b compared with T2-HBEC3. HBEC3 and T2-HBEC3 showed similar susceptibility towards DEP-induced genotoxic effects. Liquid-chromatography-tandem-mass-spectrometry was used to measure secretion of eicosanoids. Generally, major prostaglandin species were released in higher concentrations from T2-HBEC3 than from HBEC3 and several analytes were altered after DEP-exposure. In conclusion, long-term exposure to DEPtransformed human bronchial epithelial cells in vitro. Differences between HBEC3 and T2-HBEC3 regarding baseline levels and DEP-induced changes of particularly CYP1A1, IL-1b, PGE 2 , and PGF 2a may have implications for acute inflammation and carcinogenesis.
The impact of particulate air pollution on human health is of major concern worldwide (Cohen et al., 2005) . Exposure to particulate matter from diesel engine exhaust (DEP) is a potential health hazard, especially in larger cities with extensive traffic pollution and in occupational settings where heavy-duty diesel engines are operated in enclosed areas (Benbrahim-Tallaa et al., 2012) . A link between exposure to diesel exhaust (DE) and increased risk of developing respiratory and cardiovascular diseases has been established (Pope et al., 2002; Sydbom et al., 2001) . Based on studies in miners, exposure to DE has been classified as carcinogenic to humans (Benbrahim-Tallaa et al., 2012) .
The particulate phase of DE consists both of fine (<2.5 lm) and ultrafine (<0.1 mm) particles, that deposit mainly in the peripheral parts of the lung where they directly may affect alveolar macrophages (AMs) and epithelial cells (Øvrevik et al., 2015) . Various amounts of trace metals, polycyclic aromatic hydrocarbons (PAHs) and nitroarenes may adsorb to the surface of DEP. Characteristics of DEP are affected by fuel source, engine-type and operating conditions, and their chemical variability has implications for toxicological outcomes (Øvrevik et al., 2015; Westerholm and Egeb€ ack, 1994) . Although the importance of DNA-damaging effects of DEP in lung carcinogenesis are wellaccepted, the more precise role of oxidative stress and inflammatory reactions are not fully characterized (Cassee et al., 2013; Øvrevik et al., 2015) . Many studies have addressed toxicity of DEP/DEP-extracts in different cell lines, but studies concerning effects of whole particles in normal human bronchial epithelial cells (HBECs) are less frequent (Schwarze et al., 2013) .
Airway epithelial cells have been shown to be important in mediating innate immune responses and inflammatory signaling (Bals and Hiemstra, 2004) . Sustained inflammation and cellular redox imbalance may cause genomic instability leading to abnormal cells that are prone to malignant transformation. An important event in transforming epithelial cells to cancer cells is epithelial-to-mesenchymal transition (EMT), which is a reversible process also involved in tissue-repair and development of fibrosis (Kalluri and Weinberg, 2009; Lamouille et al., 2014) . Several genetic and epigenetic alterations may participate in the so-called cadherin-switch, with downregulation of E-cadherin and upregulation of N-cadherin in addition to upregulation of the mesenchymal cytoskeleton marker vimentin (Lamouille et al., 2014; Liu et al., 2015) . The transcription factors SNAI1/2, ZEB1/2, and TWIST1 all participate in repression of E-cadherin, whereas TWIST1 may also be involved in induction of N-cadherin (Pallier et al., 2012; Peinado et al., 2007) .
In vitro cell transformation due to DEP/DEP-constituents has been little studied in HBECs with a normal phenotype. Primary rat tracheal epithelial cells were transformed in vitro after exposure to SRM1650-extracts, but the cells did not gain immortalization (Ensell et al., 1998) . Another study showed that BALB/c-3T3 cells treated with DEP from a light-duty engine formed foci of morphologically transformed cells that were tumorigenic in nude mice (Hasegawa et al., 1988) . HBECs immortalized with hTERT and CDK4 have been suggested to represent particularly relevant models for in vitro lung carcinogenesis (Delgado et al., 2011; Ramirez et al., 2004) , compared with cell lines of either cancer origin or viral oncogene immortalization (ie, A549 and BEAS-2B) (Gazdar et al., 2010) . Two recent studies established stably transformed HBECs after long-term exposure to benzo[a]pyrene (B[a]P) or cigarette smoke condensate (CSC) (Bersaas et al., 2016; Vaz et al., 2017) . Transformation of HBECs following exposure to methylnitrosourea or B[a]P-diol-epoxide-1, either alone or in combination, has also been reported (Damiani et al., 2008) . B[a]P and chemical species in CSC are also present in various concentrations in DEP; however, the transformation potential of intact DEP in HBECs has, to our knowledge, not been investigated.
Enzymatic and nonenzymatic oxidation of arachidonic acid (AA) yields eicosanoids with implications for inflammation and carcinogenesis. Lipid mediators, including prostaglandins (PGs), are important signaling molecules with different and sometimes opposing functions, depending on tissue and body homeostasis, as well as environmental influences (Menter and Dubois, 2012) . The implication of PGE 2 in inflammation and cancer is well documented (Menter and Dubois, 2012) . PGF 2a , the oxidation product of both PGE 2 and PGH 2 , is also an important mediator of inflammatory responses. In contrast, isoprostanes like 8-iso-PGF 2a from nonenzymatic lipid peroxidation of AA, are markers of oxidative stress (Morrow et al., 1990) . Primary canine AMs exposed to 100 mg DEP/ml (SRM1650a) were shown to induce formation of AA, PGE 2 , and 8-iso-PGF 2a (Beck-Speier et al., 2005) . In a study of primary rat AM exposed to low concentrations (1 and 10 mg/ml) of low sulfur DEP, release of PGE 2 was induced, whereas higher concentrations (100 and 500 mg/ml) attenuated the responses (Bhavaraju et al., 2014) . Consequently, altered secretion of eicosanoids could potentially serve as mediators of DEP-exposure. However, little is known about release of eicosanoids from HBECs after exposure to DEP.
Here, the potential of the chemically well characterized DEP reference material NIST SRM2975 to transform immortalized HBEC3 in vitro was studied. Several DEP-transformed clones were established and characterized for EMT-markers, and 1 clone (T2-HBEC3) was subjected to further studies. Baseline differences in gene expression profiles between parental HBEC3 and T2-HBEC3 were analyzed. Next, to assess differences in sensitivity to DEP, HBEC3 and T2-HBEC3 were characterized after short-term exposure by gene expression profiling, analysis of DNA strand breaks, as well as cellular release of Interleukin-1 beta (IL-1b) and eicosanoids.
MATERIALS AND METHODS
Sonication of the DEP material. Diesel particulate matter SRM2975 (collected from the exhaust of an industrial forklift) was purchased from NIST (National Institute of Standards and Technology, Gaithersburg, Maryland). Particles were weighed and resuspended in dH 2 O to a concentration of 10 mg DEP/ml. This suspension was sonicated for 15 min at 4 C with amplitude 100% and cycle 0.5 (Hielscher Ultrasound Technology, Teltow, Germany) before aliqotation and freezing at À20 C. Before suspension in exposure media, DEP aliquots were thawed and sonicated 1 min at 4 C, peak power 75.0, duty factor 5.0 and cycles/ burst 200 (Covaris M220 Focused-Ultrasonicator, Brighton, United Kingdom).
Nanoparticle tracking analysis. The mean hydrodynamic size of the suspended particles (DEP mode) was determined via nanoparticle tracking analysis (NTA) using a NanoSight NS300 instrument (Malvern Instruments Ltd, Skallestad, Norway). DEP (100 mg/ml) was prepared and sonicated as indicated above and incubated in triplicates at 37 C. After 0, 24, and 72 h 2 ml aliquots were taken from each replicate and diluted in cell culture media (1:750). This dilution was used for NTA. Per measurement, 6 movies of 30 s each were recorded. All data were analyzed with the NanoSight NTA 3.1 software (Malvern Instruments Ltd, Skallestad, Norway). The results shown are from 3 independent measurements in triplicate.
Cell culture. The hTERT and CDK4 immortalized normal HBEC line HBEC3 was kindly provided by Dr John D. Minna (Ramirez et al., 2004) . HBEC3 was recently authenticated by the Leibniz-Institut DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig, Germany). HBEC3 were maintained in a mixture (1:1) of LHC-9 (Thermo Fisher Scientific, Oslo, Norway) and RPMI 1640 (Sigma-Aldrich, Oslo, Norway) medium with 5% fetal bovine serum (Sigma-Aldrich), and plated on collagen coated (Nutragen, CellSystems, Troisdorf, Germany) dishes (Sarstedt, Oslo, Norway). Cells were maintained at 37 C in humidified atmosphere with 5% CO 2 .
High-resolution field emission scanning electron microscopy. HBEC3 cells were seeded at 2600 cells/cm 2 onto collagen coated 24 mm Costar Transwell Permeable Support 0.4 mm Polycarbonate Membrane (Thermo Fisher Scientific) and placed in the incubator for 24 h. Two wells without cells were included as controls. Cells were exposed to 0 and 100 mg DEP/ml for 72 h whereas wells without cells were exposed to 100 mg DEP/ml only. After 72 h, the exposure media were discarded and the wells were washed twice with PBS before fixation in 10% neutral buffered formalin-PBS-solution (Sigma-Aldrich). Samples were then dehydrated using gradients of ethanol (EtOH) (Kemethyl, Kolbotn, Norway followed by a chemical drying series with Hexamethyldisilazane (Sigma-Aldrich) and EtOH.
The filter specimens were cut from the exposure wells and mounted on a 25-mm diameter aluminum pin stub (Agar Scientific Ltd., Stansted Essex, United Kingdom). Samples were air-dried under sterile conditions for approximately 1 h at RT before being mounted on specimen mounting stubs of 25 mm (Agar Scientific Ltd.). Double-sided carbon adhesive discs (Agar Scientific Ltd.) were used for mounting the specimens onto the stubs. The stubs were then sputter coated with 5-to 6-nm thick layer of platinum in a Cressington 208HR sputter coater (Cressington Scientific Instruments Ltd., Watford, United Kingdom). Samples were analyzed using a SU 6600 Field emission scanning electron microscopy (FESEM) (Hitachi, Ibaraki-ken, Japan) in the secondary electron imaging mode. The microscope was operated at an acceleration voltage of 10.0 kV, an extraction voltage of 1.8 kV, and a working distance of 7.4 and 7.7 mm.
DEP cell transformation assay. HBEC3 were seeded at 1.0 Â 10 4 cells/well in quadruplicates in 6-well plates (Nunc, Thermo Fisher Scientific) and exposed to the nontoxic concentration of 100 mg DEP/ml (15.6 mg/cm 2 ) for 72 h followed by 72 h with media only. Control cells were exposed to the same cell culture medium without DEP. Media were changed after 72 h. The 4 technical replicates for both control and exposed cells were treated independently throughout the assay. DEP-exposed and control cells were trypsinized, reseeded at 10 000 cells/well and treated as mentioned above for the next 15 weeks. After 15 weeks, cells were seeded in 0.35% soft agar (Difco agar noble, Sigma-Aldrich). After approximately 2 weeks, colonies ! 20 mm in diameter were counted. Colonies were isolated using a micropipette and transferred to a 24-well plate where monolayers of cells were established. The soft agar assay was carried out twice to ensure true clonality and continued potential of the isolated cell lines to grow anchorage-independently. Several cell lines were established. Based on the expression of EMT-marker genes, one of the cell lines, T2-HBEC3, was selected as a model for further studies.
Cell migration and invasion analysis. Cell migration and invasion was studied using an IncuCyte Zoom Live Cell Imaging microscope and software (Essen BioScience, Mö lndal, Sweden). Cells were seeded at a concentration of 6.0 Â 10 4 cells/well in an ImageLock 96-well plate coated with matrigel (100 mg/ml, Corning Matrigel, VWR International, Oslo, Norway). A wound was made in the cell layer by the WoundMaker tool (Essen BioSciences) after 16 h. To study migration, cells were placed in the incubator containing the IncuCyte Zoom microscope and images were acquired every hour for 72 h. To study invasion capacity, the cell layer was embedded in 8 mg/ml matrigel before the plate was placed in the incubator.
Immunoblotting analysis. Whole cell extracts of HBEC3 and T2-HBEC3 were prepared and protein concentrations were measured using the BCA Assay (Thermo Fisher). Protein samples (25 mg) were run on 10% Mini-Protean TGX Stain-Free gel (BioRad, Oslo, Norway) and transferred to a PVDF membrane (BioRad). Antibodies against vimentin (V6630, Sigma-Aldrich), b-actin (MA5-11869, Thermo Fisher Scientific) and E-cadherin (EP700Y, Abcam, Cambride, United Kingdom) were used. Secondary antibodies were horseradish peroxidase-conjugated antirabbit/antimouse IgG antibodies (Cell Signaling Technology, Leiden, The Netherlands). Immunoreactive bands were detected using chemiluminescent substrate (SuperSignal West Pico, Thermo Fisher Scientific).
Short-term exposure to DEP. To assess possible differences in responses to DEP-exposure in HBEC3 and T2-HBEC3, 2 shortterm exposure experiments were conducted: (1) a doseresponse experiment with exposure concentrations ranging from 0 to 400 mg DEP/ml for 48 h and 2) a time-course experiment where cells were exposed to 200 mg DEP/ml for 24, 48 and 72 h, respectively. Following these exposures, several endpoints were analyzed, including gene expression profiling, analysis of DNA strand breaks, and cellular release of IL-1b and eicosanoids.
HBEC3 and T2-HBEC3 were seeded in triplicates into collagen coated 6-well plates (Nunc) at 2.0 Â 10 5 cells/ml and left in the incubator for 24 h. Cells were then exposed either to different concentrations of DEP (0, 25, 50, 100, 200, and 400 mg/ml) (corresponding to 3.9, 7.8, 15.6, 31.3, and 62.5 mg/cm 2 ) for 48 h ("doseresponse") or to 200 mg DEP/ml (31.3 mg/cm 2 ) for 24, 48, and 72 h ("time-course"). Exposure media were collected at the end of the exposures, centrifuged at 4 C, 12 000 rpm for 10 min to discard particles and stored at À20 C until further analyses. Cells on the 6-well plates were washed Â3 in ice-cold PBS and stored at À80 C for isolation of RNA.
Measurement of gene expression by RT-qPCR.
Total RNA was isolated from exposed cells with Isol-RNA Lysis Reagent (5 Prime, VWR International, Oslo, Norway) and dissolved in nuclease free water. RNA quantity and quality were measured with Nanodrop 8000 (Thermo Fisher Scientific) and integrity of the isolated RNA was ascertained on an Agilent Bioanalyzer by the use of RNA 6000 Nano kit (Agilent Technologies, Oslo, Norway). RIN values were in all cases ! 9. One mg of total RNA was used as input for reverse transcription with qScript cDNA synthesis kit (Quanta Biosciences, VWR International, Oslo, Norway). qPCR reactions were set up with PerfeCTa SYBR green fast mix (lo/high ROX) (Quanta Biosciences, VWR International) and run on StepOnePlus (Applied Biosystems, Thermo Fisher Scientific) or Quant Studio 5 (Applied Biosystems, Thermo Fisher Scientific). Relative gene expression was normalized to the expression of b-actin and calculated using the DDCt method. Primers were purchased from Sigma-Aldrich or Thermo Fisher Scientific. Primer sequences used in this study are summarized in the Supplementary Table 1 .
Gene expression profiling. Biotinylated complementary RNA (cRNA) was generated from 500 ng of total RNA (RIN ! 9) using the TargetAmp-Nano Labeling Kit for Illumina Expression BeadChip (Epicentre, an Illumina company, Madison, WI). Biotinylated cRNA targets (900 ng) was hybridized to the Illumina Human-HT12 v4 Expression BeadChips for 17 h at 58 C. Hybridization, as well as the subsequent washing, staining, and drying of the beadchips were performed according to the standard Illumina protocol. The hybridized beadchips were scanned using the Illumina iScan System and bead level data were summarized by Illumina GenomeStudio Software v2011.1 (Illumina Inc., GeneTiCA, Prague, Czech Republic). Normalized and raw bead level data are deposited in GEO with accession number GSE107481.
Measurement of cytokine release by ELISA. IL-1b release to cell culture media from the DEP dose-response experiments was measured by ELISA using the Human IL-1b/IL-1F DuoSet kit (R&D system Europe, Abingdon, United Kingdom) according to the manufacturer's instructions. Absorbance was measured and quantified using a TECAN sunrise plate reader with associated software (Magellan V 1.10, Phoenix Research Product, Hayward, California).
Comet assay. Cells were exposed to different concentrations of DEP (0, 25, 50 and 100 mg/ml) for 24 h. Cells were trypsinized and resuspended (1 Â 10 6 cells/ml) in PBS (10 mM EDTA, without Ca 2þ /Mg 2þ , pH 7.5) before resuspension in 0.75% soft agar solution. In total 7 ml of this suspension was loaded in triplicates onto hydrophilic polyester films (GelBond, Lonza Rockland Inc., Maine) and lysed over night at 4 C. For analysis of oxidative DNA-damage, films were first treated for 1 h at 4 C in enzyme buffer (40 mM HEPES with 0.1 M KCl and 0.5 mM Na 2 -EDTA, pH 7.6) and then for 1 h at 37 C with/without 0.5 mg/ml formamidopyrimidine-DNA-glycosylase (FPG) in enzyme buffer containing 0.2 mg/ml BSA. The FPG enzyme (crude FPG extract) was prepared with modifications as described in Olsen et al. (2003) . DNA was unwinded by immersing the films in cold electrophoresis solution (0.3 M NaOH, 0.001 M Na 2 -EDTA, pH > 13) for 40 min and electrophoresis was run at 10 C with 0.8 V/cm for 25 min with circulation as described previously in Gutzkow et al. (2013) . After fixation in 96% EtOH, DNA was stained with SYBR GoldNucleic Acid Gel Stain (Life Technologies, Paisley, United Kingdom) diluted 1:10 000 in TE-buffer (1 mM Na 2 -EDTA, 10 mM Tris-HCl, pH 8) before examination at Â20 magnification under Olympus BX51 microscope (light source: Olympus BH2-RFL-T3, Olympus Optical Co., Ltd.; camera: A312f-VIS, BASLER, Ahrensburg, Germany). Approximately 30 comets per gel were randomly counted (Comet Assay IV, Perceptive Instruments, Suffolk, United Kingdom) and DNA-damage was quantified as tail intensity (% tail DNA).
Liquid-chromatography-tandem-mass-spectrometry analysis of eicosanoids. Standards of PGE 2 , PGD 2, PGA 2, PGI 2 , PGJ 2 , PGF 2a , 8-iso-PGF 2a , 8-iso-PGE 2 , 15-keto-PGE 2 , 13, 14-dihydro-15-keto-PGE 2 , 13, 14-dihydro-15-keto-PGD 2 , and lipoxin A4 (LXA4) were purchased from Cayman Chemical Company (Michigan). Hydroxyeicosatetraenoic acids (HETEs), epoxyeicosatrienoic acid, formic acid puriss p.a. for mass spectroscopy, ethyl acetate p.a. ACS, methanol p.a. ACS and acetonitrile liquid-chromatography-tandem-mass-spectrometry (LC-MS) grade were purchased from Sigma-Aldrich (Prague, Czech Republic). Ultrapure water was obtained from a Milli-Q UF Plus water system (Millipore, Molsheim, France).
Solid-phase-extraction was used for extraction of AA metabolites from cell culture media. SELECT HLB SPE 1 ml (30 mg) cartridges (Supelco, Prague, Czech Republic) were washed with 1 ml of ethyl acetate, 1 ml of methanol and 1 ml of water. Then 1 ml of cell culture medium was loaded onto each SPE column. The columns were washed with 2 ml of water. The cartridges were air dried for 3 min with vacuum and analytes were eluted with 1.5 ml of methanol. Samples were dried under a stream of nitrogen, re-dissolved in 60 ml of methanol and aliquots of 5 ml were injected into the HPLC column.
Sample analyses were performed using LC/MS/MS. An Agilent 1200 chromatographic system (Agilent Technologies, Waldbronn, Germany), consisting of binary pump, vacuum degasser, auto sampler and thermostatted column compartment, was used. Separation of PGs was carried out using an Ascentis Express C18, 2.1 Â 150 mm, 2.7 mm particle size column (Supelco, Bellefonte, Pennsylvania) with a 25-min linear gradient from 30% to 100% of acetonitrile. Mobile phase contained 0.1% of formic acid. The flow rate of the mobile phase was 0.3 ml/min, the column temperature was set at 45 C. A triple quadrupole mass spectrometer Agilent 6410 Triple Quad LC/MS (Agilent Technologies, Santa Clara) with an electrospray interface (ESI) was used for detection of the analytes. The mass spectrometer was operated in the negative ion mode. Selected ion monitoring at m/z 303.2 was used for quantification of AA and multiple reaction monitoring for other analytes.
Statistical analysis. Data output was analyzed in Sigma Plot 12.0, RStudio (2009) 
where B indicates the cells migration rate, and D indicates the final asymptotic cell density in the wound. The C coefficient, a constant value, was added to give a closer fit between model predictions and data. Both B and D had cell line as fixed effect. In addition, nested random intercepts for cell line, experiment and well were added for B, allowing the migration rate to vary between cell lines, experiments and wells.
Bead summary data from microarray analysis were imported into the R statistical environment (http://www.r-project.org; last accessed April 2017) and normalized using the quantile method in the Lumi package (Du et al., 2008) . Only probes with a detection p-value < .01 in >50% of arrays were included for further analyses. Differential gene expression was analyzed in the Limma package using the moderated t-statistic. A linear model was fitted for each gene given a series of arrays using lmFit function. Multiple testing correction was performed using the Benjamini and Hochberg method. ToppFun tool was utilized for annotated genes. Goeman's global test and the KEGG database (http://www.genome.jp/kegg; last accessed April 2017) were applied to identify deregulated biological pathways and deregulated genes within these pathways. The procedure of Holm for control of the family wise error rate was applied.
RESULTS

Exposure of HBEC3 to SRM2975
The mean hydrodynamic size of ultrasonicated DEP dispersed in cell culture medium was approximately 150 nm in diameter and did not change with time (0-72 h) ( Figure 1A ). FESEM images were acquired for DEP dispersed in cell culture medium showing core particles with a diameter of approximately 50 nm ( Figure 1B) , and HBEC3 cells exposed to 100 mg DEP/ml for 72 h showed DEP attached to the cell surface ( Figure 1C ). Further examination by light microscopy of HBEC3 exposed to 100 mg DEP/ml for 48 h after washing indicated black staining from the particles also colocalizing with cell cytoplasm. There was a lack of staining above nuclei and at the outer edge of the cell membranes, suggesting intracellularly localization of DEP ( Figure 1D ).
HBEC3 In Vitro Transformation Assay HBEC3 was exposed to the subtoxic concentration of 100 mg DEP/ml for 15 weeks before seeding in soft agar. After 14 days in soft agar, a significant increase in colony growth from DEPexposed cells compared with controls was observed (Figure 2A) . The transformation efficacy (TE) was 0.39%. Single colonies were picked from the soft agar and transferred to monolayer culture. To ensure continued potential to grow anchorageindependently in soft agar and to verify clonal origin, transformed cells were subjected to a second round of selection in soft agar. Four DEP-transformed clones were subsequently established as cell lines in monolayer culture and subjected to further investigation of expression of EMT-marker genes.
DEP-Transformed Clones Express Markers of EMT
Expression of several genes known to be involved in EMT was analyzed in 4 DEP-transformed clones. All clones showed significantly reduced expression of CDH1 compared with the parental cell line HBEC3, while the levels varied between the individual clones ( Figure 2B ). Three of the clones showed upregulation of CDH2 expression, whereas the level of expression from clone SD, n ¼ 3. FESEM images of DEP dispersed in cell culture medium (B) and HBEC3 exposed to 100 mg DEP/ml for 72 h (C). D, Light microscopy image (Â10 magnification) of HBEC3 exposed to 100 mg DEP/ml for 48 h.
No. 3 was similar as to HBEC3 ( Figure 2C ). Significantly altered expression of VIM was measured in all clones compared with HBEC3. Whereas the expression of VIM was significantly higher in clone Nos. 1, 2, and 4, it was significantly lower in clone No. 3 compared with HBEC3 ( Figure 2D ). Only clone No. 1 showed significantly different expression of TWIST1, ZEB1, and SNAI2 compared with HBEC3 ( Figs. 2E-G) . Clone No. 1 (as from here on termed T2-HBEC3) showed the clearest indications of EMT based on the expression of these EMT-marker genes, and was selected for further studies of DEP-induced transformation and toxicity. HBEC3 possess an epithelial morphology ( Figure 3A) , and T2-HBEC3 have a larger, more spindle-shaped mesenchymal/fibroblasts-like morphology ( Figure  3B ). Downregulation of E-cadherin and induction of vimentin proteins in T2-HBEC3 was also evident by immunoblotting ( Figure 3C ).
Migratory and Invasive Potential of HBEC3 and T2-HBEC3
A scratch wound closure assay was performed with HBEC3 and T2-HBEC3. Interestingly, T2-HBEC3 displayed a significantly slower migration pattern compared with HBEC3 ( Figure 3D ).
HBEC3 completely closed the wound after 6 h, whereas T2-HBEC3 closed the wound after 48 h. Neither HBEC3 (data not shown) nor T2-HBEC3 ( Figure 3E ) had the capability to invade a reconstituted matrigel during the 48 h observation period.
Gene Expression Profiling
First, gene expression profiling was carried out on baseline samples of HBEC3 and T2-HBEC3 to explore intrinsic differences between the 2 cell lines. 429 genes (224["] and 205[#]) were found to be significantly deregulated between HBEC3 and T2-HBEC3 and the 48 most significantly up-and down-regulated genes at baseline are presented in Table 1 . Utilizing the ToppFun-tool, several of these genes were identified as being involved in i.e. regulation of cell migration and lung carcinogenesis: At baseline there were 8 significantly deregulated pathways (KEGG database) between HBEC3 and T2-HBEC3 having particular implications for in vitro carcinogenesis: "Axon guidance", "Focal adhesion" and the "Mitogen-activated protein kinase (MAPK)-", "Insulin-", "Toll-like receptor-", "TGF-b-", "Hedgehog-", and "The mechanistic target of rapamycin (mTOR)-" signaling. A complete list of significantly deregulated pathways at baseline is presented in Supplementary Table 2A .
Next, to assess differences in toxic effects of DEP between the parental HBEC3 and T2-HBEC3, gene expression profiling was carried out on selected samples from DEP short-term exposure experiments. This included exposure to 50 or 200 mg DEP/ml for 48 h, and 200 mg DEP/ml for 24 or 72 h. In the doseresponse experiments, more genes were deregulated after exposure to the highest concentration (200 mg DEP/ml) compared with 50 mg DEP/ml for both cell lines ( Figure 4A ). 16 genes were deregulated at both DEP-concentrations in HBEC3, while in T2-HBEC3 there were 15 common deregulated genes ( Figure 4B ). It is interesting to note that the only gene that was altered by the 2 DEP-exposures in both cell lines is CYP1B1. In the time-course experiment, more genes were deregulated after 72 h than after 24 h of exposure (200 mg DEP/ml) for both cell lines ( Figure 4C) . In total 3 genes were deregulated at both exposure times in HBEC3, while in T2-HBEC3 there were 4 common deregulated genes ( Figure 4D) .
A comprehensive overview of significantly affected pathways from DEP short-term exposure experiments is presented in Supplementary Tables 2B-I. Pathways significantly deregulated at 2 or more exposure scenarios (ie, in either experiment) are presented in Table 2 . A full list of deregulated genes associated with each pathway at the different exposure scenarios is presented in Supplementary Table 3 .
Four pathways were commonly deregulated in both HBEC3 and T2-HBEC3 in the short-term DEP-exposure experiments: "Tryptophan metabolism", "Valine, leucine and isoleucine degradation", "Terpenoid backbone biosynthesis" and "Steroid biosynthesis". Three pathways were significantly deregulated in HBEC3, only: "Metabolism of xenobiotics by cytochrome p450", "Phagosome", and "Aldosterone-regulated sodium reabsorption". In T2-HBEC3, several pathways associated with inflammatory responses were identified in addition to "Synthesis and degradation of ketone bodies", "Butanoate metabolism", and "Pyruvate metabolism". 
Expression of CYP1A1, CYP1B1, and IL1B
Selected genes involved in xenobiotic metabolism and inflammation were measured by RT-qPCR in HBEC3 and T2-HBEC3 from the DEP short-term exposure experiments. In the doseresponse experiment, gene expression of CYP1A1 increased significantly for both cell lines starting at the lowest concentration of 25 mg DEP/ml ( Figure 5A ). For concentrations ranging between 50 and 400 mg DEP/ml, significantly higher induction of CYP1A1 was observed for T2-HBEC3 compared with HBEC3. Expression of CYP1A1 increased significantly with time for both cell lines ( Figure 5B ), but for HBEC3 induction was only statistically significant after 48 and 72 h. Induction of CYP1B1 was also found in the short-term exposure experiments (Supplementary Figure 1A) .
By gene expression profiling, IL1B was among the genes showing the most differential expression between HBEC3 and T2-HBEC3 at baseline (Table 1) . When measured by RT-qPCR, HBEC3 showed generally higher expression of IL1B than T2-HBEC3 ( Figure 5C ). Expression of IL1B increased dosedependently for both cell lines at the 3 highest exposure concentrations (100-400 mg DEP/ml). In the time-course experiment, significantly increased expression of the IL1B gene was found for both cell lines at all time-points (200 mg DEP/ml), but no differences between the cell lines were observed ( Figure 5D ). Higher levels of IL-1b protein were identified at all concentrations (0-400 mg DEP/ml) in culture media from HBEC3 compared with T2-HBEC3 ( Figure 5E ). Induction of IL1A was also found in the short-term DEP-exposure experiments (Supplementary Figure 1B ). In addition, the IL-6, IL-8 and TNF-a genes were measured, but their levels of expression were at or below the detection limit.
Analysis of DNA Strand Breaks
DNA strand breaks/alkali-labile sites were measured in HBEC3 and T2-HBEC3 exposed to 0, 25, 50, and 100 mg DEP/ml for 24 h. Significantly increased levels in DNA strand breaks were observed for both cell lines at all DEP concentrations, but there were no indications of dose-response relationships ( Figure 5F ). Increased oxidative DNA-damage associated with FPG sensitive sites was not observed (data not shown).
Effects of DEP-Exposure on Cellular Secretion of Eicosanoids
The effect of DEP-exposure on release of AA and several AA metabolites ( Supplementary Table 4 ) into cell culture media was measured. Although the levels of lipoxygenase metabolites and LXA4 secreted into the growth medium were not changed (data not shown), AA and PG production was significantly affected by exposure to DEP. Secretion of AA was significantly higher in T2-HBEC3 than in HBEC3 at all concentrations (0-400 mg DEP/ml) in the dose-response experiments ( Figure 6A ). With HBEC3, but not T2-HBEC3, there was a reduction of secreted AA at the exposure concentrations 25-400 mg DEP/ml, compared with control. In the time-course experiment, exposure to 200 mg DEP/ml resulted in a reduction in AA secretion at all time-points from HBEC3 and after 48 and 72 h from T2-HBEC3, compared with the respective controls ( Figure 6A ).
PGs PGE 2 and PGF 2a were the major AA metabolites identified. Secretion of PGE 2 and PGF 2a (Figs. 6B and 6C ) increased dose-dependently for HBEC3 only, in the range of exposure concentrations from 100 to 400 mg DEP/ml. Generally, higher levels of PGE 2 and PGF 2a secretion were found from T2-HBEC3 compared with HBEC3. PGE 2 secretion increased significantly after DEP-exposure in HBEC3 at all time-points (200 mg DEP/ml) compared with the respective controls. At 72 h of exposure, a higher increase in PGE 2 secretion was found in HBEC3 (4-fold) compared with T2-HBEC3 (<2-fold). Whenc compared with controls, there was increased secretion of PGF 2a from DEP-exposed (200 mg/ml) HBEC3 at all time-points. At 24 h, an increase (2-fold) of PGF 2a secretion was found in HBEC3 whereas with T2-HBEC3 a minor reduction was observed.
In accordance with the observed increase in PGE 2 , PGA 2 , which is a product of subsequent nonenzymatic 15-oxidation and 13, 14-reduction of PGE 2 , was also measured. Unchanged levels of PGA 2 were found from T2-HBEC3 only, in the doseresponse experiment. In the time-course experiment, significantly increased PGA 2 levels were identified in both cell lines. However, 1 or 2 orders lower concentrations of PGA 2 were found, compared with PGE 2 and PGF 2a (Supplementary Figure   3A ). Secretion of 13, 14-DH-15-keto-PGE 2 , the downstream product of PGF 2a , decreased significantly for T2-HBEC3 at the highest exposure (400 mg DEP/ml), meanwhile it did not change for HBEC3 at any concentration ( Figure 6D) . 13, 14-DH-15-keto-PGE 2 secretion levels were reduced with time after 200 mg DEP/ml for HBEC3 after 48 and 72 h compared with the respective controls.
Levels of PGI 2 and PGD 2 , ie, products of 2 other AA metabolic pathways, were not modulated by DEP (data not shown); however, a significant increase in release of PGJ 2 (a direct downstream metabolite of PGD 2 ) was found in HBEC3 at 50-400 mg DEP/ml, compared with control ( Supplementary Figure 3B ), suggesting that also the alternative PG synthase pathway is induced in HBEC3. Interestingly, no PGJ 2 was identified in T2-HBEC3.
Importantly, the levels of 8-iso-PGF 2a , a biomarker of membrane lipid peroxidation, increased significantly for HBEC3 at the 3 highest exposure concentrations (100-400 mg DEP/ml) ( Figure 6E ). Higher levels of 8-iso-PGF 2a were found in T2-HBEC3 compared with HBEC3 at 0, 25, and 400 mg DEP/ml. Secreted levels of 8-iso-PGF 2a increased with time for T2-HBEC3 only.
Identification of Deregulated Genes Involved in AA Metabolism
Based on the results from eicosanoid secretion, gene expression profiling data was explored to look for genes that could aid in explaining the observed changes in AA metabolism. In T2-HBEC3 compared with HBEC3 exposed to 200 mg DEP/ml for 24 h, deregulation of PLA2G2A("), PLA2G10("), ALOX5("), CYP2J2("), LTA4H("), AKR1C3(") was found ( Supplementary Table 2H ). This pathway was also deregulated in T2-HBEC3 compared with HBEC3 after 48 h at all exposure concentrations (50-200 mg DEP/ mL) ( Supplementary Table 2F and G). In T2-HBEC3 compared with HBEC3 at 50 mg DEP/ml ALOX5("), CYP2J2("), PTGES("), PLA2G2A("), COX-2("), CBR3(#), GPX3(#), and CYP4F11(#) were deregulated, meanwhile at 200 mg DEP/ml ALOX5("), CYP2J2("), PLA2G2A("), COX-2("), GPX3(#), and GPX2(#) were found to be altered. Verification of selected DEGs by RT-qPCR is found in Supplementary Figure 2 .
DISCUSSION
This study reports that DEP (NIST SRM2975) transformed HBEC3 in vitro. Transformed clones showed varying degree of expression of EMT-markers. One clone, T2-HBEC3, gave marked indications of EMT and showed differences in baseline gene expression profiles when compared with parental HBEC3. T2-HBEC3 also showed altered sensitivity to short-term DEP-exposure regarding gene expression profiles and inflammatory markers.
Long-term DEP-exposed HBEC3 formed a significantly increased number of anchorage-independent colonies compared with unexposed cells. The present DEP in vitro transformation study is of particular importance as HBEC3 are genomically stable with intact tumor suppressor TP53 checkpoint, and show a low rate of spontaneous transformation (Damiani et al., 2008; Ramirez et al., 2004) . The TE of 0.39% was low. A previous study with HBEC1 and HBEC2 exposed to methylnitrosourea and B[a]P-diol-epoxide-1 reported a TE of 0.2%-3.0% (Damiani et al., 2008) . B[a]P and several chemical species in CSC are present in various concentrations in DEP. However, this is the first time, to our knowledge, an immortalized HBEC line with a normal phenotype has been stably transformed following in vitro exposure to intact DEP with low content of organic compounds. The carcinogenic potential of DEP is debated (HEI Diesel Epidemiology  Panel, 2015) , highlighting the need for further studies The table display the 48 most significantly deregulated genes between baseline HBEC3 and T2-HBEC3 identified from gene expression profiling.
p < 0.001 and log2FC < À2.0 and > 2.0 (moderated t-statistics).
investigating the effects of not only DEP-extracts, but also of intact particles with all its constituents. All DEP-transformed clones showed significantly reduced CDH1 expression, accentuating the importance of E-cadherin downregulation in EMT. With the exception of clone No. 3, the clones showed increased expression of CDH2 and VIM. Thus, variability in expression of EMT-marker genes between the transformed clones was found. EMT is a plastic process and cancer cells of epithelial origin may pass through EMT to various extent, where some cells may retain particular epithelial traits, whereas others may become fully mesenchymal (Kalluri and Weinberg, 2009 ). The present data underline that clones with different patterns of expression of EMT-marker genes can have the capacity to grow anchorage-independently in soft agar.
Significantly increased expression of TWIST1, ZEB1, and SNAI2 was only measured in T2-HBEC3. T2-HBEC3 also displayed the highest increase in vimentin, compared with the other clones. Vimentin is important in cytoskeleton organization and cellular mechanical strength in cancers of epithelial origin. Thus, induction of vimentin may have contributed to the change towards a mesenchymal/fibroblast-like morphology (Liu et al., 2015) . T2-HBEC3 showed reduced migration compared with HBEC3. Generally, increased cellular capacity to migrate and invade coincides with EMT. However, altered migration and invasive potential may be uncoupled events in EMT (Schaeffer et al., 2014) . It was shown that exposure to DEP-induced disruption of cell-polarity and focal adhesion remodeling in alveolar epithelial cells leading to disruption of directional migration (LaGier et al., 2013) . A recent study also reported reduced migratory potential for CSC-transformed HBEC2 (Bersaas et al., 2016) . However, in contrast to CSC-transformed HBEC2, the DEPtransformed T2-HBEC3 did not invade a reconstituted basement membrane, suggesting that these cells represent a model of early steps in carcinogenesis.
Results from baseline gene expression profiling revealed deregulation of several pathways in T2-HBEC3 related to carcinogenesis. Originally identified as guidance for axons during central nervous system development, molecules belonging to semaphorins and ephrins are now appreciated as contributors in lung carcinogenesis (Nasarre et al., 2010) . Alterations in integrins and structural constituents of extracellular matrix may participate in altering proliferative, migratory and apoptotic signals mediated by ie, phosphatidylinositol 3-kinase and MAPK (Paoli et al., 2013) . These pathways together with mTOR are frequently deregulated in lung carcinogenesis through alterations in genes coding for key components of the cascades or cell-surface receptors (De et al., 2012; Ekman et al., 2012) .
Gene expression profiling from short-term DEP-exposures revealed deregulation of "Tryptophan metabolism", "Valine, leucine and isoleucine degradation", "Terpenoid backbone biosynthesis", and "Steroid biosynthesis" pathways in both HBEC3 and T2-HBEC3. In addition, DEP specifically induced deregulation of pathways related to particle uptake and xenobiotic metabolism in HBEC3, whereas pathways related to inflammation and metabolism were affected in T2-HBEC3. Microarray analysis of A549 exposed to Milan urban air winter PM 2.5 revealed deregulated pathways involved in ie, xenobiotic metabolism, inflammation and lipid metabolism, while summer PM 2.5 preferentially affected pathways involved in cell signaling, -function, and -assembly (Gualtieri et al., 2012) . In BEAS-2B, Milan urban PM showed regulation of pathways involved in oxidative stress, inflammation and DNAdamage responses (Longhin et al., 2016) . Thus, exposure to DEP and urban PM with different particle and chemical characteristics appears to elicit deregulation of several similar pathways. Microarray analysis of BEAS-2B exposed to DEP and biodiesel particle extracts also showed deregulation of "Metabolism of xenobiotics by cytochrome p450", "Metabolism of lipids and lipoproteins", and "Steroid biosynthesis", in addition to other pathways, ie, related to bile acid synthesis (Libalova et al., 2016) . Most deregulated pathways may be linked to aryl hydrocarbon receptor (AHR) signaling and probably be explained by differences in particle PAH levels (Gualtieri et al., 2012) . Accordingly, PAH was reported to be central for the toxic effects of SRM1649a extracts, via its AHR dependent mutagenic and non-genotoxic effects (Andrysik et al., 2011) .
Associations between the tryptophan metabolite kynurenine, inflammation and cancer have been suggested (Opitz et al., 2011) . Degradation of valine, leucine, and isoleucine generates propionyl-CoA and/or acetyl-CoA utilizable for lipid synthesis. Lung lipid homeostasis is a tightly regulated process and its disruption can cause inflammation participating in lung injury (Plantier et al., 2012) . The "Mevalonate (MVA) pathway" generates isoprenoids, being key metabolites for de novo cholesterol and steroid synthesis (Goldstein and Brown, 1990) . A link between inflammation, carcinogenesis and the MVA pathway has been reported (Karlic et al., 2015; Steffens and Mach, 2004) . Dysregulation of small GTPases of the Ras family is important in carcinogenesis, and their activation depends on the addition of isoprenyl (Konstantinopoulos et al., 2007) . Regulation of "Terpenoid backbone biosynthesis" may represent a mechanism for altered posttranscriptional modification of such proteins. "Steroid biosynthesis" is linked to the MVA pathway and emerging evidence from both epidemiological and experimental studies indicate correlations with steroid hormones and human nonsmall-cell lung cancer progression (Kazmi et al., 2012) . Together, deregulation of these pathways may participate as "routes of action" for detrimental effects of DEP.
Short-term exposure to DEP induced expression CYP1A1 and CYP1B1 (RT-qPCR) in both HBEC3 and T2-HBEC3 despite low content of organic carbon compounds in SRM2975. Metabolic activation of PAH by the cytochrome P450 family can lead to early initiating events in carcinogenesis (Shimada and Fujii-Kuriyama, 2004) , and CYP1A1 may constitute a sensitive biomarker for DEP-induced effects (Totlandsdal et al., 2010) . Higher induction of CYP1A1 was found in T2-HBEC3 compared with HBEC3. CYP1A1 was also induced at an earlier time-point in T2-HBEC3, indicating a greater xenobiotic response to DEP in the transformed cells. CYP1B1 followed a similar pattern. Significantly higher levels of IL1A and IL1B gene expression, and IL-1b secretion were measured from HBEC3 compared with T2-HBEC3 after DEP-exposure. IL-1b is critical for DEP-induced pulmonary inflammation (Provoost et al., 2011) . In accordance with earlier findings (Arlt et al., 2015; Totlandsdal et al., 2010) , our data support an inverse relationship between induction of CYPenzymes and inflammation. Combined, this may indicate a downregulation of inflammatory responses in T2-HBEC3 that could represent a way to increase cell survival after DEPexposure.
Increased single strand breaks/alkaline-labile sites were observed after DEP-exposure, while oxidative DNA-damage was unchanged. Similar results were found in BEAS-2B exposed to Milan winter PM 2.5 (Gualtieri et al., 2011) . In contrast, exposure of A549 to SRM2975 increased oxidative DNA-damage (Jantzen et al., 2012) . This discrepancy may be related to experimental setup, including intrinsic differences between cell lines. Accordingly, lack of induction of oxidative DNA-damage by SRM1650b extract was also reported in liver, pulmonary, and prostate cell lines (P alkov a et al., 2015) , suggesting that increased formation of reactive oxygen species (ROS) may not always contribute to DEP-induced DNA-damage.
Higher secretion of AA from T2-HBEC3 may be linked to induction of genes belonging to the phospholipase A2 family ( Supplementary Table 2 ). PGE 2 and PGF 2a , the major secreted AA metabolites, increased dose-dependently for HBEC3, whereas generally higher and unchanged levels were measured for T2-HBEC3. Similar results were obtained from the time-course experiment where higher levels of PGE 2 and PGF 2a release after DEP-exposure were observed for HBEC3. The generally higher PTGES (PG E synthase, Supplementary Figure 2E ) and PGE 2 levels, in addition to reduced E-cadherin found in T2-HBEC3, are in compliance with previous results showing inverse association between decreased E-cadherin levels and increased PGE 2 synthesis (Brouxhon et al., 2007) . DEP-induced PGE 2 and PGF 2a secretion has been reported from canine AM and in bronchoalveolar lavage fluid (BALF) from mouse and rat (Alessandrini et al., 2009; Beck-Speier et al., 2005; Henderson et al., 1988) . Higher baseline levels of COX-2 were measured in T2-HBEC3, which may aid in explaining increased secretion of several eicosanoids. Interestingly, no dose-response relationship of COX-2 induction was found following DEP-exposure for either cell line. However, a significant increase with time was found for HBEC3 ( Supplementary Figure 2D) .
Levels of 8-iso-PGF 2a increased dose-dependently in HBEC3 indicating increased lipid peroxidation. Secretion of 8-iso-PGF 2a increased with time in T2-HBEC3. Generally higher levels of 8iso-PGF 2a measured in T2-HBEC3 after DEP-exposure indicates continuous lipid peroxidation; a trait commonly found in cancer cells showing increased ROS production (Toyokuni et al., 1995) . Generation of 8-iso-PGF 2a after DEP-exposure has been found in canine AM and BALF from mouse (Alessandrini et al., 2009; Beck-Speier et al., 2005) . Combined, these data indicate that HBEC3 elicits a greater inflammatory response to short-term DEP-exposure meanwhile T2-HBEC3 is constitutively sensitized, thus, potentially having implications for DEP-induced inflammation and carcinogenesis.
Results indicated cellular uptake of DEP mainly concentrated around the cell nucleus, but particle agglomerates attached to the cell surface were also found. Uptake in epithelial cells may be mediated by actin-dependent phagocytosis (Boland et al., 1999) , which by itself can trigger biological responses. However, particles and/or adsorbed organic chemicals may also interact directly with cellular plasma membranes and elicit biological responses through ion channels and membrane and intracellular receptors (Øvrevik et al., 2015) .
SRM2975 represents a well characterized and widely used particle model of DEP (Klein et al., 2017) . Interestingly, these particles with a low concentration of organic compounds (approximately 2%), nevertheless induced transformation. As exposures to DEP in occupational settings can be considerable, the concentration used in the transformation study (100 mg/ml) may be considered biologically relevant (Benbrahim-Tallaa et al., 2012; Li et al., 2003) . Also, this concentration has frequently been used in other mechanistic studies (Beck-Speier et al., 2005; Jantzen et al., 2012) .
In conclusion, long-term DEP-exposure transformed HBEC3 in vitro. T2-HBEC3 acquired several early traits of carcinogenesis. Furthermore, HBEC3 and T2-HBEC3 show different baseline gene expression profiles and susceptibility to short-term DEP-exposure regarding genes involved in xenobiotic and lipid metabolism, as well as inflammation. This study adds information of immunomodulatory effect markers measured from DEPexposure and differences between normal and sensitized bronchial epithelial cells of the human lung.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online.
